The arsenate poisoning of R17 phage eclipse in Escherichia coli cultures grown in glycerol-containing medium has been found to be mediated by a dramatic loss in cell-associated F pili. Poisoning was very rapid and was nearly complete within 3 min at 37 C. The loss of pili was reflected by a 90% reduction in the ability of these cells to attach ribonucleic acid phage and by a reduction in the pili-per-cell ratio from 1.36 to 0.04 as determined by electron microscopy. Neither the integrity of the pilus per se nor the attachment process was affected by arsenate, for cell-free pili treated with arsenate retained the ability to attach phage. The arsenate effect on F piliation could be reversed readily without any loss in cell viability. This restoration of pili occurred under conditions of inhibited protein synthesis, implying that pools of pili protein exist in cells. In contrast to this phenomenon, cells grown in glucose-containing media were mainly resistant to arsenate poisoning as determined by phage attachment and the number of pili per cell. These results implied that arsenate poisons the ability of cells to synthesize and maintain F pili under certain specific conditions. The possible mechanism of this poisoning is discussed.
R17 phage infection of Escherichia coli is accomplished by the orderly completion of attachment, eclipse, and penetration (8) . These three sequential events each involve a different and specific interaction of the phage with the F pilus. In attachment, the A protein of the phage recognizes its attachment sites along the pilus, resulting in a tight yet reversible, non-energyrequiring binding to the pilus (4) . Somehow this binding activates the pilus to begin eclipsing the phage. The eclipse reaction is characterized by a dramatic increase in the ribonuclease sensitivity of the ribonucleic acid (RNA) phage, the splitting of A protein, and the release into the media of the phage capsid protein shell (13) . Immediately after eclipse, the RNA and the cleaved A protein in an equal ratio penetrate from the eclipse site on the pilus to the cell cytoplasm (8) .
Although cellular energy is known to be required for the eclipse and penetration reactions (5), the nature of this energy source and the mechanism by which the energy is transmitted from the intracellular environment to the site of eclipse on the pilus remain unclear. Danziger Edinburgh, Scotland. that when cells are grown in a medium containing glucose, the energy sources required for eclipse are highly resistant to the metabolic changes of an anaerobic environment and to the poisoning effects of sodium arsenate and 2-deoxyglucose. This poison-resistant energy source was not present in cells grown in glycerolcontaining media, as indicated by the sensitivity of eclipse to strict anaerobic conditions and to poisoning effects of arsenate and 2-deoxyglucose.
In order to further elucidate the interesting sensitivities of the energy source needed for phage infection, the effects of arsenate upon the ability of cells grown in various media to eclipse phage was reexamined in detail. These studies led to the surprising observation that the blockage of phage eclipse by arsenate stems from the cells having undergone a marked loss of cellassociated F pili. Upon removal of the inhibitor, the cells were found to regain F pili rapidly and to become sensitive once again to RNA phage infection.
ARSENATE POISONING OF F PILI OF E. COLI
The growth, plaque assay, and purification of R17 phage have been described previously in detail (14) . R17 bacteriophage was labeled with 32P-phosphoric acid (pH 7.0; New England Nuclear Corp., Boston, Mass.) by infecting strain K-12 Hfr grown in low-phosphate TMM (0.5 mM) with 40 plaque-forming units (PFU) per cell of R17 phage. The resulting 32P-labeled R17 progeny were purified from the crude lysates by a modification of the two-phase partition procedure of Albertsson (1), followed by differential centrifugation and isopycnic banding in CsCl (P = 1.42 g/ml; 14).
Enumeration of cell-associated pili by R17 phage attachment. R17 phage-attachment capability of a culture was determined by mixing cells (2 x 108 cells/ml) with 1,000 particles per cell of 32P-labeled R17 phage. This mixture was incubated at 0 to 4 C for 40 min to allow complete saturation of the pili by the radioactive phage. Samples (1.0 ml) were filtered through Gelman GA-6 triacetate filters (0.45-sm porosity) to trap the cells and the attached radioactive phage. The filters were washed with three 5-ml portions of cold media to remove the unattached phage. The filters were dried and counted for radioactivity by using a toluene-based scintillation fluid. This assay measured only the attachment of phage to pili which were cell-associated at the time of filtration; phage attached to cell-free pili were not efficiently retained by the filters under these conditions. Enumeration of F pili by electron microscopy. The number of F pili on a cell was determined by incubating a sample of a culture at 0 to 4 C with 1,000 particles per cell of R17 phage for 40 min. This resulted in near saturation of the surface of all F pili with attached phage. The samples were fixed with Formalin, placed onto 200-or 400-mesh grids containing parlodion films coated with carbon, and glowed to produce a hydrophilic grid surface. The pili, more easily recognizable when coated with RNA phage, were counted on a large number of single cells, and the pili-per-cell ratio was determined.
RESULTS
High concentrations of sodium arsenate were reported by Danziger and Paranchych (5) to inhibit markedly the energy-dependent eclipse of R17 phage by male E. coli grown in media containing glycerol as the prime carbon source and to have only a slight effect on cells grown in media containing glucose as the carbon source. These observations were construed to mean that glucose-grown cells are able to generate an energy compound or state which is arsenate resistant, whereas glycerol-grown cells are unable to do so. Through further study, however, we came to the surprising realization that these unusual effects do not stem from an alteration in the ability of F pili to interact with phage, but instead stem from an actual physical loss of F pili.
One of the first experiments that led to this conclusion was one in which we examined the effect of arsenate on phage attachment to male E. coli grown in glucose or glycerol medium. Cells grown on glucose lost only a fraction of their ability to attach phage after arsenate treatment, whereas cells grown in glycerol medium lost more than 90% of their phage attachment capability (Fig. 1 ). Arsenate poisoning of glycerol-grown cells was extremely rapid and was essentially complete at 3 min after its addition to the culture. This arsenate effect was concentration dependent and required 5 x 10-3 M sodium arsenate or greater molar concentration for maximum inhibition (Fig. 2) . It is of interest that treatment of bacterial cells with the arsenate concentrations used for up to 10 min had little effect on cell viability.
These observations were rather surprising for, although it is well known that arsenate inhibits energy-dependent reactions, the attachment of R17 phage to the F pili of E. coli has been characterized as a non-energy-requiring reaction. In Fig. 1 , it may be seen that arsenate did not prevent phage attachment if added to cells at 4 C. Additionally, an experiment was carried out in which the attachment of R17 phage to isolated F pili in the presence or absence of Cultures of E. coli K-12 were grown in glucose-or glycerol-supplemented tris(hydroxymethyl)aminomethane-maleate growth media to a density of 2 x 108 bacteria/ml. Half of the cultures were then chilled to 4 C, and the remainder were retained at 37 C. Sodium arsenate was added to the test cultures to a final concentration of 0.1 M, after which the samples were removed from each culture at various intervals and assayed for phage attachment capacity as described in Materials and Methods. Symbols: 0, glucose, 37 C; 0, glycerol, 37 C; 0, glucose, 4 C; *, glycerol, 4 C. ttach R17 phage was detected after the much protein as normal cells, were found to bation of F pili in glvcerol medium contain-regenerate F pili at a rapid rate after arsenate ing arsenate for periods of up to 30 min at 37 C. It was therefore evident that arsenate most probably did not interfere with the attachment of phage to cells by blocking the actual attachment reaction.
The observed loss of phage attachment capacity in glycerol-grown cultures after arsenate treatment at 37 C (Fig. 1 ) therefore has to be explained by something other than the direct attachment of phage to F pili, and an alternative possibility involving an actual loss of F pili from glycerol-grown cells was considered.
The average number of cell-associated F pili was therefore determined by electron microscopy examination of large numbers of cells from control and arsenate-poisoned cultures grown in glycerol-and glucose-containing media. This experiment provided a measure of cellassociated F pili independent of phage attachment.
Arsenate treatment caused a dramatic loss of cell-associated F pili in glycerol-grown cells, but A culture of Escherichia coli K-12 was grown in glycerol -tris(hydroxymethyl)aminomethane -maleate growth media (TMM) to a density of S x 108 bacteria/ml and then was divided into two equal portions. Sodium arsenate was added to one flask to a final concentration of 0.1 M, after which the flasks were incubated at 37 C for 5 min. The cultures were then centrifuged at 10,000 x g for 10 min. The cell pellets were washed once with cold arsenate-free growth medium, resuspended in fresh arsenate-free glycerol-TMM, and incubated at 37 C for 10 min. Samples were withdrawn at various intervals during this incubation period, chilled, and assayed for R17 phage attachment capacity. At the end of the 10-min period, arsenate was again added to one of the cultures to a final concentration of 0.1 M, and the entire procedure was repeated. treatment (Fig. 4) . The number of pili regenerated was about 70% of the normal level maintained before arsenate treatment. After a second arsenate treatment, F pili were again rapidly regenerated, but the maximal number of F pili in the culture reached only 30% of the control level. This reduced ability to regenerate F pili after a second arsenate treatment suggested that some component necessary for F pili formation was partially depleted. Additional experiments have demonstrated that a third round of depiliation with arsenate and subsequent regeneration gives rise to only 10% of the original level of F pili. Starvation for methionine coupled with two arsenate poisonings does not kill the cells or cause an irreversible loss in their ability to synthesize protein and new pili. Methionine-starved cells after two arsenate poisonings were again able to synthesize F pili after a 15-min lag after their rescue from methionine starvation (Fig. 4) .
DISCUSSION
It is well established that the addition of arsenate to E. coli causes the uncoupling of respiratory chain phosphorylation (2), uncoupling of substrate level phosphorylation (15) , and the arsenolyzation of acetyl phosphates (7), resulting in a marked reduction in intracellular adenosine ttiphosphate (ATP) levels (5). Arsenate poisoning for relatively short periods of time does not permanently damage E. coli cells, yet the poisoning has marked effects upon the level of piliation on these cells (Fig. 1) . Because no evidence of direct damage to pili by arsenate was detectable and because the pili were lost from the cell at a rapid rate, it is suggested that arsenate triggers a key reaction controlling the expression of the F factor pili genes, probably by decreasing the availability of energy required for F pili maintenance. The idea that a depletion of an energy source was responsible for this A culture of Escherichia coli K-12 was grown in glycerol-tris(hydroxymethyl)aminomethane-maleate growth media (TMM) to a density of 2 x 108 bacteria/ml, washed once by centrifugation, and resuspended in glycerol-TMM medium lacking methionine. Under these conditions, the cells (met-) failed to grow and synthesized less than 2% of the normal level of proteins as assayed by incorporation of radioactive amino acids. The culture was incubated at 37 C in the methionine-free medium for 60 min, and then was divided into two flasks. Arsenate was added to one flask to a final concentration of 0.1 M, and the incubation was continued for 5 min. The cultures were then washed by centrifugation, resuspended into fresh glycerol-7MM lacking both arsenate and methionine, and incubated at 37 C. Samples were removed at various intervals and assayed for Rl 7phage attachment capacity as described in Materials and Methods. After 20 min, arsenate (final concentration of 0.1 M) was again added to one of the flasks for 5 min and then removed as described above. The cultures were again incubated at 37 C in methionine-free medium and assayed periodically for R17 phage attachment capacity. At 25 min after the second arsenate removal, L-methionine was added to both flasks (final concentration of 10 I g/ml), and additional samples were removed at appropriate intervals for assay of R17 phage attachment capacity. Methionine starvation in the arsenate-free control culture was found to have little effect on the R17 phage attachment capacity during the experiment. It is to be expected that the mechanism of the arsenate poisoning of F pili interferes with the normal process by which pili are synthesized and maintained without drastically affecting the cell. Although, as outlined above, it is quite possible that the arsenate removes a vital energy source required for pili biosynthesis in glycerol-but not glucose-grown cells, it should be mentioned that other steps in pili biosynthesis could be affected by arsenate in this manner. For instance, one such possible step is the glucosylation of pili subunit protein. Biochemical analyses of pure pili have shown that the F pili protein, in addition to and possibly separate from the phosphate, contains covalently bound D-glucose (2) . If arsenate could competitively inhibit the addition of glucose to pilin from a glucose donor by preventing the formation of a glucose-glucose donor complex, then it would be easy to understand why the cells are sensitive to arsenate in glycerol medium and yet are protected from arsenate when high concentrations of glucose are available to the cell.
Regardless of the primary step by which arsenate poisons pili, the essential consequence is a dramatic loss of cell-associated pili as measured by a loss of pili function (Fig. 1) and by actual counts of cell-associated pili ( Table  1 ). The very loss of cell-associated pili is not a novel idea, for this event has been described as a natural process (11) , as a response following (i) the infection of cells with RNA phage (13) , (ii) filamentous deoxynucleic acid phage infection (R. O'Callaghan et al., Virology, in press), and (iii) certain changes in temperature in cell incubation (10) . In all of these reactions the ultimate fate of the lost pili remains debatable. Marvin and Hohn (9) have suggested that pili are retracted back into the cell, whereas others (R. O'Callaghan et al., Virology, in press; 6) feel that this evidence supporting retraction is not sufficient to eliminate other mechanisms to explain the loss of pili function. The demonstration of an increase in cell-free pili after a loss in cell-associated pili would help to clarify this issue, but unfortunately such measurements are technically complicated by the tendency of pili to aggregate into ropes which exist in numbers too low to be quantitated in cell cultures, and which, because of their heterogeneous sedimentation, cannot be accurately separated and concentrated free of cells. Cell-free pili in the presence of cells also cannot be quantitated because free pili have an ability to attach back to cells in what might be a nonspecific manner (11) , and they can pass through filters even when attached -to numerous phage particles.
The arsenate poisoning of glycerol-grown cells results in the chemically induced loss of F pili and, as such, can be used to temporarily strip cells of their pili. Those experiments in which arsenate was used to repeatedly strip pili from cells in the absence of protein synthesis (Fig. 4 It is clear that this entire problem will require extensive study before a reasonable understanding of the pilus and its energy-dependent interactions with the RNA phage are understood.
